We have examined the mechanisms of abnormal gas exchange in seven patients with chronic obliteration of the pulmonary vascular bed secondary to recurrent pulmonary emboli or idiopathic pulmonary hypertension. All of the patients had a widened alveolar-arterial oxygen gradient and four were significantly hypoxemic with arterial partial presssures of oxygen less than 80 torr. Using the technique of multiple inert gas elimination, we found that ventilation-perfusion (VA/Q) relationships were only minimally abnormal with a mean of 10% (range, 2--19%) of cardiac output perfusing abnormal units. These units consisted of shunt and units with VA/Q ratios less than 0.1. In addition, the dead space was found to be normal in each patient. There was no evidence for diffusion impairment, and the widened alveolar-arterial oxygen gradient was completely explained by VA/ inequality. Significant hypoxemia occurred only when VA/Q inequality was combined with a low mixed venous oxygen content.
INTRODUCTION
Chronic obliterative pulmonary vascular disease without associated parenchymal lung disease occurs in patients with recurrent pulmonary emboli (RPE)' and idiopathic pulmonary hypertension (IPH). Obliteration of the pulmonary vascular led in these patients results in an elevation of pulmonary artery pressure and a widened alveolar-arterial oxygen gradient (A-aDO2) (1) . Although the widening of the A-aDO2 may be substantial, the mechanismns of abnormnal gas exchange have not been established.
The prognosis of patients with obliterative pulmonary vascular disease is poor (2), buit recenit attemlpts at phar-Received for publicationi 10 April 1979 atid in revised form 8 June 1979 . ' Abbreviations used in this paper: A-aDO2, alveolararterial oxygen gradient; IPH, idiopathic pulmonary hypertensioin; P30, partial pressure of oxygen at 50% satturattioni; Pv'02, mixed venous P02; RPE, recurrenit pulmiionary emiiboli; VA/Q, ventilation-perfusion; V7E, minullte ventilation. 1050 J. Cliii. Intivest. (© The Anmericani Society for macologic reduction of pulmonary artery pressure with vasoactive drugs have met with some success (3) (4) (5) . These drugs alter not only pulmonary vascular resistance but also cardiac output and the distribution of ventilation aind perfusion in the lungs (6) (7) (8) . Because these alterations may have detrimental effects on gas exchange, further development of this therapeutic approach depends upon a clear understanding of the underlying mechanisms of the gas exchange abnormality.
WVe have, therefore, used the techni(lue of multiple inert gas elimination to define these mechanisms.
METHODS
Seven patients referred for evaluiation of unexplained pulmonary hypertension were studied. All had undergone carcliae catheterization and wvere showvn not to have intracatrdiac shunt, valvular heart disease, or an elevated pulmonary artery wedge pressure. None of the patients gave a history of intravenous drug abuse, and none had evidence of pulmoniary parenchymnial disease on chest roenitgenogramii. This pattterni of findiings was consideredl to be consistent with the presenice of either IPH or RPE.
Patienits were classified ats having IPH or RPE on the basis of their clinical history, venitilationi-perfuisioni lunig scan findings, aind pulmonary aingiogramiiis. Three pattients were felt to hatve RPE. In two of these pattienits this diagnosis was malde by pulmonary angiography, wvhereats the third pattienit galve a historv of recurrent thrombophlebitis and had a ventilationiperfuisioni lung scain showing mulltiple segmentatl perfuision defects with at normal pattern of venitilation. The remncaininig four patients were felt to have IPH. Three of these patients had pulmonary angiograms showring no evidence of pulmonary emboli auid the fourth had a niormal ventilationi-perfusioni ltung scan aind a compatible cliniicl history.
All pattients were sttudiedl in the respiratory intenisive care uinit of The University of MIichigan. A trainsvenouis balloon tipped catheter w7'as placedI in the pulmonary artery and a polyethylene cattheter was inisertedl into the radial or brachial arterv. Patients were studiedl in the semirecumbent position, breathing room air. A mixtture of six inert gases inclutding ssulphtir hexafluioride, ethane, cevlopropane, halothane, ether, aind acetone was equilil)rated w.ith 0.45 normiial satline aniid inftused intravenously for 45 mmiin. During the last 5 immin of ilnfusion, saimples of expired gals, atrteriatl blood, aniid mixed venous 1)loo00 were collectedl for miieatsturemiienlt of the partiatl presstires of oxygenandlI carbon dioxide aind conicenitrattionis of the iniert Cliniical Itnvestigatiotn, Inc. 0021-97.38/79/10/105.50/06 $1.00 V'olumiiie 64 October 1979 1050-10(5.5 gases. Pulmonary artery systolic, diastolic, mean, and wedge pressures as well as heart rate and minute ventilation were measured during the final minute of the infusion.
Vascular pressures were measured using Statham strain gauges (Statham Instruments, Inc., Oxnard, Calif.). The partial pressures of oxygen and carbon dioxide in the arterial blood, mixed venous blood, and expired gas were measured using the Instrumentation Laboratory 313 blood gas analyzer (Instrumentation Laboratory, Inc., Lexington, Mass.) and oxygen saturation was measured with an Instrumentation Laboratory model 182 co-oximeter. The partial pressure of oxygen at 50% saturation (P50) was calculated for each patient by tonometering a blood sample with gases that contained 3-5% oxygen. Minute ventilation (VE) was measured with a North American Draeger minute volumeter (Telford, Pa.), which was calibrated with a syringe and corrected to body temperature, pressure, and saturation. The concentrations of inert gases in blood and expired gas were measured using Varian Associates (Palo Alto, Calif.) and Beckman Instruments (Fullerton, Calif.) gas chromatographs as described (9, 10) . The distribution of ventilation-perfusion ratios was calculated from the arterial, mixed venous, and expired gas concentrations of the six inert gases. The details of this technique and the method of calculation using a least squares, best fit analysis with enforced smoothing to minimize the effect of random experimental error has been described (11, 12) . We have defined shunt as representing lung units with ventilationperfusion (VA/0) ratios <0.005 and dead space as units with VA/Q ratios >100. Cardiac output was derived from the VE and the excretion and retention of the inert gases using the Fick principle. The VA/Q distributions were combined with the mixed venous blood gases, cardiac output, VE, and P50 in a lung model described by West and Wagner (13) to predict the arterial partial pressure of oxygen (Pao2) assuming complete alveolar-end capillary equilibrium in each lung unit.
Six of the seven patients underwent pulmonary function tests before hospital discharge. Spirometry was performed using a rolling seal spirometer. Functional residual capacity was.measured using a constant volume body plethysmograph, and the diffusing capacity for carbon monoxide was measured using a modification of the single breath method (14) . Normal values for forced vital capacity and total lung capacity are from Goldman and Becklake (15) , whereas the normal values for the diffusing capacity for carbon monoxide are from McGrath and Thomson (16) . The A-aDO2 was calculated from the arterial blood gases and respiratory exchange ratio.
RESULTS
The age, sex, and selected pulmonary function studies from our patients are presented in Table I . There were five women and two men with a mean age of 36 yr (range, 19-56 yr). All of the patients complained of dyspnea on exertion, and four of seven had experienced chest pain and/or syncope. None of our patients were smokers. Among the patients in whom routine pulmonary function studies were done, no air flow obstruction was found and the diffusing capacity for carbon monoxide was uniformly reduced. Two patients (E.S. and L.L.) had a mild reduction in total lung capacity.
The VA/Q distributions derived from the inert gas data for the seven patients are shown in Fig. 1.2 In all cases, the majority of pulmonary blood flow was distributed to a mode centered at or above a VA/U ratio of one. Flow to this mode averaged 90% of the cardiac output with a range of 81-98%. The shape and position of this mode along the VAIQ axis did not differ significantly from that described as the distribution pattern for normal subjects of the same age (17) . In all but one subject there was an additional mode of blood flow distributed to units with VA/Q ratios of <0.1 and/or shunt. In the group as a whole this represented <10% of the cardiac output although L.L. had 19% of her cardiac output going to both shunt and low VA/Q and P.D. had 17% of his cardiac output exclusively distributed to very low VA/( units. 2 The retention and excretion data are available from the authors upon request. Hemodynamic and gas exchange indices from our patients are summarized in Table II . Hypoxemia was found in four of seven patients, but all seven showed a widened A-aDO2 (49.6±15). The VE was increased in all patients and all were hypocapnic. The cardiac index was low in four of seven (<2.9). The mixed venous P02 (Pv02) was abnormally low (<35 torr) in all but two patients. The dead space as estimated by the excretion of the most soluble inert gases averaged 39-+ 3% of VE or 1.2±3 cm3/lb of body weight. This is similar to that described in normal subjects (17) .
Each patient's measured Pao2 was compared to his Pao2 predicted from the derived VA/Q distributions and the measured cardiac output, VE, P50 and Pv'O2, and Pco2. The computer program used assumes complete alveolar-end capillary equilibration and solves the ventilation-perfusion equation for oxygen, carbon dioxide, and nitrogeni (13) . The ability to predict the Pao2 in every case was excellent over a wide range of Po2 values (Fig. 2 ).
DISCUSSION
Early studies of patients with pulmonary vascular occlusion suggested that their hypoxemia occurred as a result of decreased transit time of blood through a reduced pulmonary capillary bed with resulting failure of alveolar-end capillary equilibration (18) . Recently, VA/Q inequality and intrapulmonary shunt have been implicated as causes for the hypoxemia (19) (20) (21) . A low cardiac output state with resulting reduction of mixed venous saturation has also been reported (22) , but its impact on arterial hypoxemia has not been evaluated. We have shown in seven patients with chronic obstruction to their pulmonary vascular bed that the increased A-aDO2 was because of a combination of VA/( inequality, intrapulmonary shunt, and a low PvO2. Diffusion impairment did not contribute to impaired gas exchange since the measured Pao2 was well predicted from VA/U distributions determined by inert gas elimination. Diffusion equilibration of these inert gases along the pulmonary capillary is complete in any lung that can sustain life (11) , and any diffusion abnormality causing impairment of 02 exchange would lead to a systematic over-prediction of the Pao2 (23) .
The presence of shunt and very low VA/Q units in our patients may be explained by overperfusion of normal lung units. The obliteration of a large portion of the pulmonary vascular bed results in increased blood flow through the remaining pulmonary capillaries. The VA/Q ratios ofthe perfused units thus fall (20) . Although it is unlikely that this would lead to units with VA/( ratios as low as 0.01 or below, these units could result from a combination of increased blood flow and airway obstruction. This obstruction may result from the compression of bronchi running adjacent to dilated pulmonary arteries (24) .
An alternative cause for both the low VA/Q units and the shunt is the development of interstitial pulmonary edema. West et al. (25) suggested that there might be a region at the base of the lung where pulmonary artery pressure is high enough to lead to interstitial edema, airway closure, and low VA/Q units. Albert and others (26) have demonstrated that a significant amount of fluid may leak from extraalveolar vessels into the pulmonary interstitium. This phenomenon may explain the pulmonary edema seen with high-altitude exposure (27) and the increase in extra-vascular lung water found during positive end-expiratory pressure ventilation (28) . Ohkuda et al. (29) demonstrated interstitial edema when pulmonary artery pressure was elevated by microembolization. He attributed this increased fluid filtration to uneven increases in pulmonary vascular resistance. Our patients had very high pulmonary artery pressure which could have led to leakage of fluid into the interstitial space, either from the occluded extraalveolar vessels or from alveolar capillaries exposed to increased pressure in remaining patent vessels. This could result in airway obstruction as well as alveolar edema explaining the presence of both the low VA/Q units and shunt.
In addition to the mild VA/Q inequality, five of seven patients had an abnormally low Pi'O2. The cause of the low PvO2 was inadequate cardiac output alone in all but patient L.L. who was also significantly anemic with a hemoglobin concentration of 10/g 100 ml of blood. The correlation coefficient between cardiac index and Pi'O2 for the group excluding L.L. was 0.84 (P < 0.05). It has been well demonstrated that a low PivO2 can significantly affect the Pao2 by decreasing the end-capillary Po2 of lung units with VA/Q ratios <1 (23) . Significant hypoxemia (Pao2 < 80 torr) was found in four of seven patients. In these patients it was the combination of mild VA/Q inequality and a low PivO2 that accounted for the hypoxemia. The fifth patient with a low PivO2 (E.S.) had a normal P02 because of the absence of low VA/Q units. In the two patients whose PivO2 was normal, the Pao2 was well preserved despite the presence of comparable VA/Q inequality. The relationship of VA/Q inequality and Pi'02 to the Pao2 was statistically evaluated with a multivariate analysis. Using PivO2 as xl and the percentage of blood flow to units with VA/Q < 0.1 as x2, the regression equation was y = 44.6 + 1.2 xl-1.4 x2. The regression coefficient was 0.89 (P < 0.05), the partial regression coefficients of xl and x2 were 0.80 and 0.77 and the standard error of xl and x2 were 0.46 and 0.59.
To quantitate the influence that the low Pi'O2 had on the Pao2 of our patients we manipulated the lung model used to predict the arterial P02 (10). Using the measured VA/Q distributions, VE and cardiac output, we constrained the PivO2 to be 40 torr. In each case, increasing the PivO2 in this manner lead to significant improvement in the predicted Pao2 (Table  III) The obstruction of blood flow to a lung with normal ventilatory ability should produce significant wasted ventilationi (30) . The absence of an elevated dead space or a significant number of high VA/C units in our patients is, therefore, surprising. Hlastala (31) , however, also found no increase in dead space in dogs in whom the pulmonary vessels were occluded with gas bubbles. He suggested two mechanisms to account for this finding. The reinspiration of common dead space gas into the units with no perfusion might cause them to appear as high V,A/C units, or collateral perfusion may allow for continued perfusion of alveoli.
The lack of high VA/Q units or an elevated dead space in our patients can be explained in one of two ways. First, despite the apparent decrease in the pulmonarv vascular bed cross sectional area, there may not have been sufficient interruption in alveolar perfusion to interfere with normal VA/U relationships. This might result if total occlusion of vessels did not occur or if totally occluded vessels were bypassed by collateral flow or did not supply a functionally distinct gas exchange region. Second, there may have been a compensatory shift in the ventilation distribution secondary to hypocapnic bronchoconstriction. This regulating mechanism of VA/C matching has been well described (32, 33) and may markedly decrease the VA/0 inequality expected in pulmonary vascular obliteration.
All of our patients were hypocapnic. Using the Siggaard-Andersen nomogram the hypocapnia was shown to be predominantly chronic and hence not related to acute ventilatory changes associated with the experimental protocol. This is consistent with the finding of other authors that hypocapnia is a common but not invariable finding in patients with both IPH and RPE (1, 34, 35) . This hypocapnia is probably because of hyperventilation induced by increased afferent activity from intrapulmonary mechanoreceptors (36) .
In summailirlyl, good VA/Q relationships are m11aintainied despite the extensive obliteration of pulmonary vascular l)ed found in patients with RPE atnd IPH. Hypoxemnia in these patients results from a coml)ibination of mild VA/0 ine(juality aind a low Pv02. Anyv aittempt to pharimaitcologically treat patients Nwith chronoie ol)literative pIulmonary vascular disease miutst l)e mnade wvith concern for the effects of the druigs oni 1oth cardiac otltput andi b)lood flow dlistril)ution.
